A search for charge-parity (CP ) violation in D 0 → K − K + and D 0 → π − π + decays is reported, using pp collision data corresponding to an integrated luminosity of 6 fb where the uncertainty includes both statistical and systematic contributions. The measured value differs from zero by more than five standard deviations. This is the first observation of CP violation in the decay of charm hadrons.
The Standard Model (SM) of particle physics includes the violation of chargeparity (CP ) symmetry through an irreducible complex phase in the Cabibbo-KobayashiMaskawa (CKM) quark-mixing matrix [1, 2] . The realization of CP violation in nature has been well established in the K-and B-meson systems by several experiments [3] [4] [5] [6] [7] , but remains unobserved in the charm sector, despite decades of experimental searches. Charm hadrons provide a unique opportunity to measure CP violation with particles containing only up-type quarks. The size of CP violation in charm decays is expected to be tiny in the SM, with asymmetries of the order of 10 −4 -10 −3 , but due to the presence of low-energy strong-interaction effects, theoretical predictions are difficult to compute reliably [8] [9] [10] [11] [12] [13] . Motivated by the fact that contributions of beyond-the-SM virtual particles may alter the size of CP violation with respect to the SM expectation, a number of theoretical analyses have been performed in recent years [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Unprecedented experimental precision can be reached at LHCb in the measurement of CP -violating asymmetries in D 0 → K − K + and D 0 → π − π + decays. The inclusion of charge-conjugate decay modes is implied throughout except in asymmetry definitions. Searches for CP violation in these decay modes have been performed by the BaBar [25] , Belle [26] , CDF [27, 28] and LHCb [29] [30] [31] [32] [33] collaborations. The corresponding CP asymmetries have been found to be consistent with zero within a precision of a few per mille.
This Letter presents a measurement of the difference of the time-integrated CP asymmetries in D 0 → K − K + and D 0 → π − π + decays, performed using pp collision data collected with the LHCb detector at a center-of-mass energy of 13 TeV, and corresponding to an integrated luminosity of 6 fb −1 . The time-dependent CP asymmetry, A CP (f ; t), between states produced as D 0 or D 0 mesons decaying to a CP eigenstate f at time t is defined as
where Γ denotes the time-dependent rate of a given decay. For f = K − K + or f = π − π + , A CP (f ; t) can be expressed in terms of a direct component associated to CP violation in the decay amplitude and an indirect component associated to CP violation in D 0 -D 0 mixing or in the interference between mixing and decay. A time-integrated asymmetry, A CP (f ), can be determined, and its value will exhibit a dependence on the variation of the reconstruction efficiency as a function of the decay time. It can be written as [27, 34] 
where t(f ) denotes the mean decay time of D 0 → f decays in the reconstructed sample, incorporating the effects of the time-dependent experimental efficiency, a
CP the indirect CP asymmetry and y CP the deviation from unity of the ratio of the effective lifetimes of D 0 -meson decays to flavor-specific and CP -even final states. To a good approximation, a ind CP is independent of the decay mode [11, 35, 36] . The difference in CP asymmetries between
where ∆a µ X decays, where B denotes a hadron containing a b quark and X stands for potential additional particles. The flavor at production of D 0 mesons from D * + decays is determined from the charge of the accompanying pion (π-tagged), whereas that of D 0 mesons from semileptonic b-hadron decays is obtained from the charge of the accompanying muon (µ-tagged). The raw asymmetries measured for π-tagged and µ-tagged D 0 decays are defined as
where N is the measured signal yield for the given decay. These can be approximated as
where A D (π) and A D (µ) are detection asymmetries due to different reconstruction efficiencies between positive and negative tagging pions and muons, whereas A P (D * ) and A P (B) are the production asymmetries of D * mesons and b hadrons, arising from the hadronization of charm and beauty quarks in pp collisions [37] . Owing to the smallness of the involved terms, which are O(10 −2 ) or less [37] [38] [39] [40] , the approximations in Eqs. (5) are valid up to corrections of O(10 −6 ). The values of A D (π) and A P (D * ), as well as those of A D (µ) and A P (B), are independent of the final state f , and thus cancel in the difference, resulting in
This simple relation between ∆A CP and the measurable raw asymmetries in K − K + and π − π + makes the determination of ∆A CP largely insensitive to systematic uncertainties. The LHCb detector is a single-arm forward spectrometer designed for the study of particles containing b or c quarks, as described in detail in Refs. [41, 42] . The LHCb tracking system exploits a dipole magnet to measure the momentum of charged particles. The magnetic-field polarity is reversed periodically during data taking to mitigate the differences of reconstruction efficiencies of particles with opposite charges.
The online event selection is performed by a trigger, which consists of a hardware stage based on information from the calorimeter and muon systems, followed by two software stages. In the first software stage, events used in this analysis are selected if at least one track has large transverse momentum and is incompatible with originating from any PV, or if any two-track combination forming a secondary vertex, consistent with that of a D 0 decay, is found in the event by a multivariate algorithm [43, 44] . In between the first and second software stages, detector alignment and calibration are performed and updated constants are made available to the software trigger [45] . In the second stage, D 0 candidates are fully reconstructed using kinematic, topological and particle-identification (PID) criteria. Requirements are placed on: the D 0 decay vertex, which must be well separated from all PVs in the event; the quality of reconstructed tracks; the D 0 transverse momentum; the angle between the D 0 momentum and its flight direction; PID information; and the impact-parameter significances (χ IP is defined as the difference between the χ 2 of the PV reconstructed with and without the considered particle. In the analysis of the µ-tagged sample, B candidates are formed by combining a D 0 candidate with a muon under the requirement that they are consistent with originating from a common vertex. In addition, requirements on the invariant mass of the D 0 µ system, m(D 0 µ), and on the corrected mass (m corr ) are applied. The corrected mass partially recovers the missing energy of the unreconstructed particles and is defined as
is the momentum of the D 0 µ system transverse to the flight direction of the b hadron, determined from the primary and D 0 µ vertices. In the offline selection, trigger signals are associated to reconstructed particles. Selection requirements are applied on the trigger decision, taking into account the information on whether the decision was taken due to the signal decay products or to other particles produced in the event. Fiducial requirements are imposed to exclude kinematic regions characterized by large detection asymmetries for the tagging pion or muon. Large asymmetries occur in certain kinematic regions because, for a given magnet polarity, low-momentum particles of one charge at large or small polar angles in the horizontal plane may be deflected out of the detector or into the (uninstrumented) LHC beam pipe, whereas particles with the other charge are more likely to remain within the acceptance. About 35% and 10% of the selected candidates are rejected by these fiducial requirements for the π-tagged and µ-tagged samples, respectively. The data sample includes events with multiple D * + and B candidates. The majority of these events contain the same reconstructed D 0 meson combined with different tagging pions or muons. When multiple candidates are present in the event, only one is kept randomly. The fractions of events with multiple candidates are about 10% and 0.4% in the π-tagged and µ-tagged samples, respectively. A small fraction of events, of the order of per mille, belong to both the selected π-tagged and µ-tagged samples.
As the detection and production asymmetries are expected to depend on the kinematics of the reconstructed particles, the cancellation in the difference between the raw asymmetries in Eq. (6) It is then checked a posteriori that the distributions of the same variables for tagging pions and muons are also equalized by the weighting. The impact of the weighting procedure on the measurement corresponds to a small variation of ∆A CP , below 10 −4 for both the π-tagged and µ-tagged samples.
The raw asymmetries for each decay mode are free parameters determined by means of simultaneous least-square fits to the binned mass distributions of D * + and D * − candidates for the π-tagged sample, or D 0 and D 0 candidates for the µ-tagged sample. In particular, in the analysis of the π-tagged sample the fits are performed to the m(D 0 π + ) and m(D 0 π − ) distributions, similarly to the analysis of Ref. [27] . The signal mass model, which is obtained from simulation, consists of the sum of three Gaussian functions and a Johnson S U function [47], whose parameters are free to be adjusted by the fit to the data. The combinatorial background is described by an empirical function of the form
, where α and β are two free parameters. In the analysis of the µ-tagged sample, the fits are performed to the m(D 0 ) distributions. The signal is described by the sum of two Gaussian functions convolved with a power-law function that accounts for final-state photon radiation effects, whereas the combinatorial background is described by an exponential function. knowledge of the signal and background mass models. It is evaluated by generating pseudoexperiments according to the baseline fit model, then fitting alternative models to those data. A value of 0.6 × 10 −4 is assigned as a systematic uncertainty, corresponding to the largest variation observed using the alternative functions. A similar study is performed with the µ-tagged sample and a value of 2 × 10 −4 is found. In the case of µ-tagged decays, the main systematic uncertainty is due to the possibility that the D 0 flavor is not tagged correctly by the muon charge because of misreconstruction. The probability of wrongly assigning the D 0 flavor (mistag) is studied with a large sample of µ-tagged D 0 → K − π + decays by comparing the charges of kaon and muon candidates. The associated systematic uncertainty is estimated to be 4 × 10 −4 , also taking into account the fact that wrongly tagged decays include a fraction of doubly Cabibbo-suppressed Systematic uncertainties of 0.2 × 10 −4 and 1 × 10 −4 accounting for the knowledge of the weights used in the kinematic weighting procedure are assessed for π-tagged and µ-tagged decays, respectively. Although suppressed by the requirement that the D 
+ ν e decays for the π + π − final state. Yields and raw asymmetries of the peaking-background components measured from the fits are then used as inputs to pseudoexperiments designed to evaluate the corresponding effects on the determination of ∆A CP . A value of 0.5 × 10 −4 is assigned as a systematic uncertainty.
In the case of µ-tagged decays, the fractions of reconstructed B decays can be slightly different between the K − K + and π − π + decay modes, which could lead to a small bias in ∆A CP . Using the LHCb measurements of the b-hadron production asymmetries [37], the systematic uncertainty on ∆A CP is estimated to be 1 × 10 −4 . The combination of a difference in the B reconstruction efficiency as a function of the decay time between the D 0 → K − K + and D 0 → π − π + modes and the presence of neutral B-meson oscillations may also cause an imperfect cancellation of A P (B) in ∆A CP . The associated systematic uncertainty is estimated to be 2 × 10 −4 . All individual contributions are summed in quadrature to give total systematic uncertainties on ∆A CP of 0.9 × 10 −4 and 5 × 10 −4 for the π-tagged and µ-tagged samples, respectively. A summary of all systematic uncertainties is reported in Table 1 . Other possible systematic uncertainties are investigated and found to be negligible.
Numerous additional robustness checks are carried out. The measured value of ∆A CP is studied as a function of several variables, notably including: the azimuthal angle, χ 2 IP , transverse momentum and pseudorapidity of π-tagged and µ-tagged D 0 mesons as well as of the tagging pions or muons; the χ 2 of the D * + and B vertex fits; the track quality of the tagging pion and the charged-particle multiplicity in the event. Furthermore, the total sample is split into subsamples taken with opposite magnetic-field polarities and in different run periods. No evidence for unexpected dependences of ∆A CP is found in any of these tests. A check using more stringent PID requirements is performed, and all variations of ∆A CP are found to be compatible within statistical uncertainties. An additional check concerns the measurement of ∆A bkg , that is the difference of the background raw asymmetries in K − K + and π − π + final states. As the prompt background is mainly composed of genuine D 0 candidates paired with unrelated pions originating from the PV, ∆A bkg is expected to be compatible with zero. A value of ∆A bkg = (−2±4)×10 −4 , which shows that, as expected, ∆A CP is primarily sensitive to direct CP violation. The overall improvement in precision brought by the present analysis to the knowledge of ∆a dir CP is apparent when comparing with the value obtained from previous measurements, ∆a dir CP = (−13.4 ± 7.0) × 10 −4 [50] . In summary, this Letter reports the first observation of a nonzero CP asymmetry in charm decays, using large samples of D 0 → K − K + and D 0 → π − π + decays collected with the LHCb detector. The result is consistent with, although at the upper end of, SM expectations, which lie in the range 10 −4 -10 −3 [8] [9] [10] [11] [12] [13] . Beyond the SM, the rate of CP violation could be enhanced. Unfortunately, present theoretical understanding does not allow very precise predictions to be made, due to the presence of strong-interaction effects which are difficult to compute. In the next decade, further measurements with charmed particles, along with possible theoretical improvements, will help clarify the physics picture, and establish whether this result is consistent with the SM or indicates the presence of new dynamics in the up-quark sector. 
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